This study reports on the effect of graphene oxide (GO) on the hydration of Portland cement (PC) and industrial clinker. GO accelerates PC hydration, whereas it temporarily retards that of clinker. This difference reflects a twofold behaviour of GO in cement pastes. Retardation is due to the interaction of GO with the surface of hydrating grains, while acceleration results from a seeding effect. Gypsum causes this difference. GO is shown to have little effect on the strength of hardened pastes, and this merely relates to the change of hydration degree, as opposed to reinforcing effect formerly assumed. Overall, GO is not particularly active as a nucleation surface, as it aggregates and behaves in a similar way to inert fillers (e.g. quartz). Polycarboxylate-ether copolymer could make GO an active seed in cement pastes, as it prevents GO from aggregating.
Introduction
: A simple schematic model of GO atomic structure, showing the presence of carboxyl sites at edges of the GO layer while other functional groups, such as hydroxyl, are located on the basal plane. Grey, red and white atoms represent carbon, oxygen, and hydrogen, respectively. The actual atomic structure of GO is complicated and the oxygen groups are randomly distributed within the carbon network [1] . Compared to graphene, the structure of GO is damaged as a result of oxidation, with holes up to 5 nm 2 present in some cases [27] .
was found to occur in aqueous electrolytes containing LiOH [29] , NaOH, KOH However, as the oxygen groups disappear in alkaline solutions, the overall force 41 acting between the GO layers switches from repulsion to attraction, causing much lower water content.
Following from our previous study on the effect of GO on alite hydration [5] , 81 a series of isothermal calorimetry tests were used in this paper to investigate the 82 effect of GO on the hydration of industrial clinker, either alone or in substitu-83 tion with gypsum and limestone. These systems were chosen because they are to alite and PC pastes, which sheds some new light on the behaviour of GO 88 in cement pastes. We also report the compressive strengths of PC and clinker 89 pastes at 7, 14, and 28 days of hydration as a function of total hydration heat.
90
This allows any reinforcing effect to be isolated from that of nucleation-seeding.
91
Finally, this study reports on the effectiveness of PCE copolymer in dispersing
92
GO nano-layers in alite or PC pastes, with a view to test some of the claims 93 found in the literature. Graphene oxide was synthesised following the procedure described in [5] .
97
Three grams of graphite flakes (+100 mesh, Sigma Aldrich) were added to 98 360 mL of concentrated H 2 SO 4 (≥ 95 wt.%, Fischer Chemicals) and 40 mL 99 of concentrated H 3 PO 4 (≥ 95 wt.%, Fischer Chemicals). Following this, 18 g 100 of KMnO 4 (≥ 99.0%, Fluke Biochemika) was gradually added into the acid-101 graphite mixture. This mixture was kept at 25
• C and left to stir for 96 hours conducted five times). The solid residue, which is graphite oxide, was dried for C ratio of 0.52 for sample on indium substrate, which is higher than that measured for the carbon substrate. This suggests that carbon substrate contributes to the XPS data and that data obtained on indium would give a better estimate of O:C ratio. Data also shows that the graphite oxide sample is mainly made of carbon and oxygen, and there is no trace of other elements in the sample. (b) C1s spectrum, suggesting three states for carbon: sp 2 and sp 3 hybridised, C=O and C-O, and carboxyl-like structures.
thickness/topography of a GO sample [2] . The sample for AFM analysis was 140 prepared by depositing a 0.5 mg/ml GO colloid on the surface of a freshly 141 cleaved Mica surface. Mica was used because of its ultra-flat surface, providing 142 a desired substrate for imaging GO layers. Fig. 3a shows the topographic image 143 of deposited GO. The height profile of some of the layers are presented in Fig. 3b .
144
As it can be seen, GO is mostly in the form of single layers with a thickness of 145 about 1 nm, consistent with our previous work [5] . The oxidation method used 146 in this study resulted in a graphite oxide that readily exfoliates in water with 147 no need to add any other chemicals, such as surfactants [5] . 
Inorganic materials

149
Three hydraulic materials were used in this study: PC, industrial clinker 150 and alite. PC and clinker were both supplied by Quinn building products (UK).
151
PC was CEM I 52.5N in accordance with the composition specified in British 152 standard [42] . Clinker was received in the form of large aggregates which were 153 ground using a ball-mill grinder (PM 100, Retsch), and particles passed through 154 a 80 µm sieve were used. After grinding the clinker, the powders were stored 155 in a well-sealed container to avoid contact with the moisture present in labora-156 tory environment. Alite, which is a mono-clinic polymorph of Ca 3 SiO 5 (C 3 S), 
165
The pellets were then removed from the furnace and quenched immediately in 166 the air. Once cooled, the material was ground using the ball-mill grinder, and 167 particles passed the 80 µm sieve were selected for this study.
168
Gypsum (CaSO 4 .2H 2 O) and limestone powders were obtained from Saint-
169
Gobain (UK) and Omya (UK), respectively. The particle size distribution of all 170 solid powders used in this study was measured using a particle characterisation 171 instrument (Morphologi G3, Malvern Instruments) and is shown in Fig. 4 .
172
PC, clinker and alite were also characterised using an X-ray diffractometer
173
(PANalytical X'Pert Pro) with a Cu K α radiation source. The X-ray diffraction individually which resulted in a lower scatter (Fig. 6) . Pastes were mixed in a small plastic container using the IKA overhead stirrer 227 at a speed of 2000 rpm and for a period of 3 minutes. To assess the reproducibility of the retardation observed for clinker-GO To examine the longer-term effect of GO on the kinetics of clinker hydration, The cumulative heat evolution of clinker hydration with and without the addition of GO, measured for pastes with water-to-solid ratio of 0.4. The heat data correspond to the average of three replicates, and the error bars show the whole range of heat calculated for three pastes. GO temporarily retards the clinker hydration.
The observations in Fig. 7 whereas the latter occurs in the diffusion layer on the grain surfaces.
333
The first mechanism is highly unlikely. During the first few days of hydration, 
where ∆H i is the dissolution enthalpy of cement phase i (amongst n phases),
339
and ∆H j is the enthalpy of the formation of hydration products j (amongst m 340 phases). However, there seems to be no general agreement on the charge characteristics 397 of these phases, as some suggest that both C 3 S and C 3 A are positively charged 398 in aqueous suspensions [35] . In any case, zeta-potential only provides the net 399 charge in a system, and since cement particles are quite reactive in water, it is 400 extremely difficult to separate the charge of the grain surfaces from that of the 401 ions in the pore solution or the hydration products.
402
The scatter of the data shown in Fig. 8 forms; that is GO makes less interaction with the surface of hydrating grains.
435
However, it is difficult to investigate these processes directly as the GO effect on hydration is highly variable. 
Effect of GO on the hydration of PC
438
This section investigates the effect of GO on PC hydration. the peak of alite reaction is different to that of the aluminate phase, the latter 451 being more pronounced. We discuss the significance of alite reaction peak in this section while the aluminate reaction will be discussed in Section 3.3. The accelerating effect of GO observed in Fig. 11 by Costoya [57] . These dots show that when the total surface area in alite paste 487 is increased by 1 or 2 m 2 /g (by changing the powder fineness from 82µm to 488 18µm or 13µm, resp.), the maximum heat flow also increases by 1 or 2 mW/g.
489
If GO provided 1.2 m 2 /g of extra surface area, one would expect the change in ways: either it switches the charge of the C 3 A surfaces from positive to negative,
531
preventing GO from adsorption onto this phase; or it precludes the formation 532 of the amorphous precipitate to which GO binds and retards the hydration.
533
Comparing Fig. 13 and Fig. 14 with Fig. 7 , it appears that gypsum plays an clinker-limestone hydration in a similar way that it does clinker hydration.
541
GO affects the position of the aluminate shoulder in the hydration curves.
542
From Fig. 11 and Fig. 13 , GO significantly accelerates the hydration of the alu- form monosulphoaluminate [46, 51] . This reaction would cause the second peak 569 in Fig. 13 . It is also expected that ettringite continues to form in this system 570 after the second peak, unlike pure C 3 A-gypsum systems where ettringite fully 571 dissolves and converts to monosulphate [60] . Overall, the acceleration observed using isothermal calorimetry. The dominant effect of GO is that it increases the 595 extent of PC and clinker hydrations. We used the value of heat at 7, 14 and 28 596 days of hydration to prepare Fig. 16 , where the strength of either PC (Fig. 16a) 
597
or clinker pastes (Fig. 16b) is presented as a function of total heat. Strength GO-containing paste can be compared in relative terms to the plain paste. any substantial way, then one would expect the strength to advance much more 630 than hydration, but this is not observed here. were used to prepare pastes made of either alite or PC binders. Control samples 645 were pastes without GO but with PCE. The heat released from these pastes was 646 monitored using isothermal calorimetry. heat of hydration at each time step by the enthalpy of alite hydration which is 651 517 J/g [47] . All ratios shown in Fig. 17 are with respect to alite mass. increases the rate of heat evolution during the acceleration period, and it short-662 ens the induction period. However, there is no significant difference between the pastes containing 0.04% and 0.08% GO. Finally, Fig. 17c and Fig. 17d PCE is added to the paste, the hydration is retarded more (Figs. 17a-d) . How-669 ever, GO reduces the extent of the retardation in some cases (e.g. Figs. 17b-d):
670 at low PCE:GO ratio, GO is not active during hydration, whereas at higher 671 PCE:GO ratio, it accelerates the hydration.
672
The key finding is that PCE retards alite hydration but GO could mitigate 673 it to some extent. This reveals the rate-controlling step for PCE-alite hydra-674 tion, which has already been the subject of some controversy [34, 45, 61, 62].
675
There are three competing theories on how PCE molecules retard alite hydra- 
708
The above observation also indicates that GO can become an active nucle- various PCE concentrations (0.5%, 1%, 2%, 5% wt.%). The effect of GO on 720 the position of the main peak in the calorimetry curves is presented in Fig. 19 . : BSE-SEM micrograph of hydrated alite paste containing 80 mg PCE (2% wt.% of alite mass) mixed with 1.6 mL aqueous solution of (a) plain de-ionised water and (b) 2 mg/mL GO (0.08% wt.% of alite mass). Both pastes had a water to alite mass ratio of 0.4 and hydrated for 14 days. Note that white and gray areas correspond to the alite particles and hydration products, respectively. The black regions which is more evident in (a), is related to the areas impregnated with epoxy resin, i.e. the pore regions in the actual paste. Fig. 19 : Effect of 0.08% GO on the change of maximum heat flow and the time at the peak rate, obtained for alite and PC pastes. All pastes had water-to-solid ratio of 0.4. PCE ratios are clearly tagged for alite pastes. Data shown for PC pastes were obtained with the addition of 0.5%, 1%, 2% and 5% wt.% PCE; however as the calorimetry patterns showed no significant difference, only a cluster of points are presented.
has no particular effect on PC-PCE hydration. As an example, Fig. 20 shows 
